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The application of optical satellite remote sensing techniques to monitor the radiation scattered back 34 from the water column became a major breakthrough in the seventies for monitoring ocean, sea and 35 coastal areas (IOCCG, 1998) . Dedicated ocean colour instruments, like CZCS, SeaWiFS, MERIS and 36 MODIS-AQUA, have provided fundamental new insight in the dynamics and role of oceanic plankton 37 (e.g. Behrenfeld et al., 2006) . Observations are now starting to span multiple decades, allowing a first 38 glimpse at long-term variations in the plankton composition of the oceans, which are potentially 39 related to global change (Antoine et al., 2005; Polovina et al., 2008) . 40
With the launch, in 2002, of the MERIS instrument (Rast et al., 1999 ) that measures water-leaving 41 reflectance in fifteen spectral bands with high signal-to-noise, it became possible to collect water-42 leaving radiance with high confidence in regional seas and coastal waters. This has led to development 43 of many new algorithms that can retrieve not only the phytoplankton pigments , but also the mass 44 concentration of suspended material and the absorption by dissolved material (Van der Woerd and 45 Pasterkamp, 2008; Odermat et al., 2012) . These algorithms are either simple, calibrated at the local 46 water constituents, or complex with a need for detailed measurements of the specific absorption and 47 scattering properties of these in-water constituents (see e.g. Tilstone et al., 2012) . The derived water-48 4 quality parameters are the major products of ocean-colour instruments, while the colour itself can be 49 considered as a primary product. 50
Long before the development of diode-arrays to measure spectral radiation, another method had 51 been developed and tested which recorded the colour of natural waters. Towards the end of the 52 nineteenth century, Forel and Ule (Forel, 1890 ; Ule 1892) proposed a method to classify the colour of 53 the oceans, regional seas and coastal waters using a colour comparator scale. The scale became 54 known as the Forel-Ule (FU) scale and since then scale observations have been performed, generating 55 hundreds of thousands of data points over a globe-scale for more than a century. Recently, it was 56
shown (Wernand and Van der Woerd, 2010a) that the FU scale is can be used to characterize the 57 colour of natural waters. More importantly, the analysis of FU colour variation in the North Pacific 58 since 1930 has revealed significant variations at decadal timescales (Wernand and Van der Woerd, 59 2010b). 60
In this paper we describe a simple algorithm to couple historically collected ocean colour data, 61 obtained over a long time span, with presently available satellite-derived ocean colour imagery 62 for hind casting long-term changes. This Forel-Ule to MERIS (FUME) algorithm converts MERIS 63 observations of sea-and ocean colour to chromaticity coordinates and subsequently to a 64 discrete Forel-Ule number. This will result in a new MERIS water quality product that can be 65 used as a simple and straight-forward index of water colour in addition to the water-quality 66 parameters that are retrieved by inversion schemes. Based on the FUME product, ocean colour 67 trends can be constructed, reaching back to over one hundred years. Distinct optical water 68 types can now be classified according to Forel- 
Methods
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In this section we introduce the MERIS satellite data, the algorithm to convert MERIS reflection data to 86 FU numbers and the ship-borne measurements for a first characterisation of the FUME results. 
where [L W ] N is the normalized water-leaving radiance (Gordon and Voss, 1999 ) and F 0 is the 100 extraterrestrial solar irradiance at wavelength (λ). In this analysis, data is limited to the visible 101 spectrum, covering the first nine MERIS bands with a bandwidth of 10 nm, except for Band 8 102 that has a bandwidth of 7.5 nm (Table 1 ). In the standard processing by ESA a number of global 103 products are derived together with [ W ] N that will be used to compare FU products with 104 standard ESA products: Algal-1 and Algal-2, the index for Chlorophyll-a concentration in case-1 105 and case-2 waters, respectively, SPM (suspended particulate matter) and YS (an index for 106 absorption by dissolved matter). For documentation and additional references we recommend 107 the MERIS algorithm theoretical baseline document (ESA, 2012).
109
2.2
The FUME algorithm 110
The FUME algorithm converts the normalized water-leaving reflectance in nine MERIS bands 111 into a discrete FU number in three steps:
Step 1 
Step 2: Subsequently the chromaticity coordinates x, y and z are calculated from the ratio of 142 each of the tristimulus values and the sum of the values: 143
As x+y+z = 1, and therefore z = 1-x-y, the third coordinate offers no additional information and 145 only two coordinates (by convention x and y) are used to represent the colour in a so-called 146 chromaticity diagram (see e.g. Mobley, 1994) . The white point W in the chromaticity diagram 147 9 has the coordinates x=y=z=1/3 (Fig. 2) . The ratio of the distance between W and an arbitrary 148 point P (a) and the distance from W to the spectral locus (a+b), gives the colour saturation 149 (a/(a+b)) or the intensity of the colour in P. In this way, the chromaticity coordinates (x M , y M ) 150 for every MERIS pixel can be calculated. 151
152
Step 3: In the next step the (x M , y M ) is converted to a FU number. The original FU scale was 153 created to make an objective classification of natural waters (see for a review Wernand and 154
Gieskes, 2011). In 21 glass tubes a variable mixture of three standard solutions (distilled water, 155 ammonia, copper-sulphate, potassium-chromate and cobalt-sulphate) were created to obtain 156 the colour-palettes of the scale. These standard solutions were recently reconstructed and their 157 optical properties were measured in the laboratory with medium resolution spectrometers 158 (Wernand and Van der Woerd, 2010a). The calculated chromaticity coordinates of the original 159 FU scale are presented in Table 2 and graphically shown as a line of black dots, between the 160 white point and the locus, in the chromaticity diagram of Fig. 2 . The FUME algorithm first shifts 161 the origin to the white point W with chromaticity coordinates x W = y W = 1/3 (Fig. 3) 
Ground truth 257
The reflection spectrum at the match-up station in the Wadden Sea (WS-GT) is plotted in Fig. 8  258 and appears very similar in shape to the MERIS spectrum (WS). By extraction of the reflection at 259 exactly all 9 MERIS bands and running the FUME algorithm a value of FU=15 was retrieved. The 260 MERIS pixel at this location (red circle in the Wadden Sea) has a calculated FU value of 14, 261 which is in good agreement with the ground truth FU value concerning possible adjacency 262 effects of tidal flats within the pixel. 263
The MERIS water-quality products and FUME results were extracted along a transect (yellow 264 line in 
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Discussion and conclusions
301
In this paper an algorithm is presented that allows retrieval of the Forel-Ule sea colour from the 302 MERIS satellite sensor. The Forel-Ule colour can be seen as the colour standard closest to the 303 real colour of water. The elegance of our algorithm is that it converts multispectral 304 observations to one simple number that is only dependent on a well known universal set of 305 colourimetric functions. The classification of sea water is simplified by means of a numerical 306 value between 1 and 21, instead of a classification by a normalized water-leaving spectral 307 reflectance signature, or the concentrations of the dominant optical constituents. 308
The approach is demonstrated by the processing of multispectral observations of oceans and 309 coastal waters made by the MERIS ocean colour sensor, to FU maps that cover colour classes 310 between indigo blue, green and brown. Five different seas were selected worldwide; these 311 were processed to obtain FU maps. The maps show very detailed patterns and gradients, 312 mainly in the near coastal zone as expected by the more outspoken hydrographical gradients 313 there. When the MERIS maps of sea and ocean colour distribution were compared with ground 314 truth Forel-Ule observations mapped in the same season, similar patterns and FU numbers 315 were observed, even when FU's of more than a century ago were processed. This opens new 316 ways to study the spatial and temporal evolution of the colour of the sea worldwide. The FUME 317 algorithm can easily be adapted to data from other satellites which have enough bands in the 318 visible part of the spectrum to properly derive the colour of the water. 
